Charge density wave (CDW) instability and pressure-induced superconductivity in bulk 1T-NbS2 are investigated by first-principles calculations. We reveal a CDW instability towards the formation of a stable commensurate CDW order, resulting in a √13 × √13 structure reconstruction featured with star-of-David clusters. The CDW phase exhibits one-dimensional metallic behavior with in-plane flat-band characteristics, and coexists with an orbital-density-wave order predominantly contributed by 4 2 − 2 orbital from the central Nb of the star-of-David cluster. In addition, only simultaneously considering the interplane antiferromagnetic (AFM) ordering and Coulomb correlation effect can realize a transition from nonmagnetic metal to insulating AFM state.
I. INTRODUCTION
Quasi two-dimensional (2D) layered transition metal dichalcogenides (TMDs) have attracted extensive attention in recent years. TMDs materials often crystallize in 1T or 2H polymorph with octahedral coordination or trigonal prismatic. [1, 2] Especially, many group-V TMDs materials MX2 (M denotes transition metals Ta or Nb and X stands for chalcogen elements Se or S) exhibit charge density wave (CDW) order and other interesting phenomena and properties, such as superconductivity, metal-insulator transitions, magnetic ordering and Mott physics. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] However, even with the same MX2 chemical composition, different polytypes of MX2 exhibit completely different physical properties and ground states. For example, 1T polymorph of TaS2 and TaSe2 show complex CDW phase diagrams including incommensurate, nearly commensurate, and commensurate CDW (CCDW) phases with prototypical √13 × √13 star-of-David structural reconstructions upon decreasing temperature. [3, 11, 12] Electronic structure transition arising from Mott-Hubbard physics is observed in the CCDW phase of 1T-TaS2, [11] whereas the Mott insulating phase does not appear in bulk 1T-TaSe2 even in the CCDW state. [13] In addition, the CDW instability in 1T polymorph of TaS2 and TaSe2 can be suppressed under high pressure, and pressureinduced superconductivity can appear and competes with CDW phases. [11, [14] [15] [16] [17] [18] By contrast, the CDW order and superconductivity can coexist in the 2H-MX2, exhibiting complicated competitive or cooperative relations. [5, [19] [20] [21] , Furthermore, the CDW phase transitions display a 3  3 periodicity in the bulk form of 2H-MX2. [5, 9, 10] However, previous researches indicate that 2H-NbS2 does not exhibit CDW order due to anharmonic suppression. [22] Recent experiments observe very weak superlattice peaks in 2H-NbS2 corresponding to a commensurate √13 × √13 periodic lattice distortion, identical to the cases in 1T polymorph of TaS2 and TaSe2, which may be stem from a local 1T-like environment in the 2H crystal arising from stacking faults. [23] In addition to the significant roles of the different polymorphs of MX2, dimensionality also plays a profound impact on the transport properties, CDW order, and superconductivity. The CDW phase of monolayer 1T-TaSe2 is identified to be a Mott insulator with unusual orbital texture, but the energy gap reduces significantly for bilayer, while trilayer shows semimetallic behavior and the bulk is a one-dimensional (1D) metal. [13, 24, 25] Contrary to the absence of CDW order in bulk 2H-NbS2, a 3 × 3 CDW ordering has been observed down to the single-layer limit, and it is so fragile that can be disturbed by small compressive strains. [26] [27] [28] Strain-induced phase separation between 3 triangular and stripe phases in charge-ordered 1H-NbSe2 monolayer has been explored by ab initio calculations. [29] Compared with the bulk of 2H polymorph of NbSe2 and TaSe2, CDW instability can be strongly enhanced in the monolayer limit. [30, 31] By contrast, the CDW order of bulk 2H-TaS2 vanishes in the 2D limit, accompanied with substantial enhancements of the superconductivity, indicating competition between CDW order and superconductivity down to the monolayer limit. [32, 33] Although it is difficult to synthesize bulk 1T polymorph of NbSe2 and NbS2, few-layer thin film or monolayer has been realized successfully. [34] [35] [36] [37] . Similar to other 1T polytype CDW materials, the monolayer 1T-NbSe2 is found to be a Mott insulator concomitant with the typical √13 × √13 CDW order, [36] [37] [38] [39] and the monolayer 1T-NbS2 is predicted theoretically to undergo a √13 × √13 star-of-David reconstruction and can be stabilized in a spin 1/2 magnetic insulating state. [40] The purpose of present paper is to further explore the existence of CDW instability in bulk 1T-NbS2 by first-principles calculations. We first discover that the undistorted 1T-NbS2 with high symmetry is unstable with soft phonon modes, and undergoes a √13 × √13 structural reconstruction to form the stable CCDW phase with relatively lower energy. Electronic structure calculations indicate that orbital density wave (ODW) coexists in the CCDW phase featured with flat-band and 1D metallic characteristics. The nonmagnetic metallic behavior is robust, unless an interplane antiferromagnetic (AFM) ordering and on-site Coulomb repulsion interactions are taken into account simultaneously. By calculating the electron-phonon coupling (EPC) constants, we propose that the CDW instability mainly arises from strong electron-phonon interactions. The CDW order can be suppressed under high pressure, accompanied by the emergence of superconductivity in the compressed phase. Further experimental and theoretical investigations on the structure and transport behavior of 1T-NbS2 under pressure are deserved to better address the intricate competitive or cooperative relations between CDW order and superconductivity in this material.
II. COMPUTATIONAL DETAILS
The density functional theory (DFT) calculations were performed using the QUANTUM ESPRESSO package [41] with generalized gradient approximation (GGA) according to the Perdew-Burke-Ernzerhof (PBE) functional.
[42] The ultrasoft pseudopotentials were used to describe the interactions between electrons and ionic cores. [43] The energy cutoff of 45 Ry (540 Ry for the 4 charge density) was chosen for our calculations. In order to obtain accurate lattice constants consistent with experiments, we performed geometrical optimization with van der Waals (vdW) interactions of DFT-D3. [44] The Brillouin zone (BZ) was segmented by a 16×16×8 Monkhorst and Pack (MP) grid for undistorted 1T-NbS2, while a 4×4×8 MP grid was used for the CCDW structure. [45] The total energy and electron charge density calculations were performed by the Gaussian smearing method with a smearing parameter of =0.01 Ry. Using density functional perturbation theory, phonon dispersion curves and electron-phonon coupling were calculated on a 8×8×4 q grid and denser 32×32×16 k mesh were used for electron-phonon calculation for the undistorted structure. [46] Electronic structures and density of states (DOS) are calculated by Vienna ab initio simulation package (VASP) [47, 48] within the GGA approach [42] and projectoraugmented wave (PAW) potentials [49] , where energy cutoff of 520 eV was used. To more accurately describe electronic correlations, an on-site Coulomb interactions U value of 2.95 eV was considered for Nb 4d shell to calculate electron structure. [38] The Fermi surfaces are visualized by , clearly reflects the quasi 2D nature of the electronic states, which is consistent with the layered structure of 1T-NbS2. [11, [51] [52] [53] In order to inspect the stability of the bulk 1T-NbS2, we calculated the phonon dispersion as presented in Figure 1 (f). Generally, it is an effective method to predict the CDW instability by firstprinciples phonon calculation. [14, 15, 55, 56] The phonon instability of the undistorted structure is believed to be directly related to the CDW distortion, which exhibiting soft phonon modes with imaginary frequency at the CDW vector (qCDW). The imaginary phonon frequency at qCDW indicates structure reconstruction with a superlattice vector of qCDW. [3] As seen in Moreover, similar to 1T polymorph of NbSe2 and TaTe2, there is a larger area of instability expanding to the -K line. [39, 58] In the -A direction, the flatness of the optical branch indicates the almost 2D dispersion, which is in line with the quasi 2D crystal structure. The structural distortion of the CCDW phase can always induce electronic structure variations.
B. Charge density wave phase of 1T-NbS2
Compared with the band structures of the high symmetry 1T-NbS2, we found significant changes around the Fermi level. As shown in Figure 3(a Nb atoms at the edge of the clusters is negligible. Therefore, an orbital density wave (ODW) order exists in the CCDW phase, which is similar to the in-plane orbital texture of the 1T-TaS2. [51, 61] .
The ODW and the CCDW coexist simultaneously with an identical spatial symmetry. The ODW indicates very little overlap between orbitals centered on neighboring clusters and significant charge hopping only along with c, in agreement with the in-plane flat band characteristics and out-of-plane quasi-1D metallic nature of the electronic structure. The ODW discussed here is different from the orbital ordering studied extensively in strongly correlated electron systems. [62] The conventional orbital ordering is stemmed mainly from the cooperative Jahn-Teller distortions or Kugel-Khomskii superexchange interactions, [63, 64] whereas the CCDW and the ODW in 1T polymorph of MX2 are mainly attributed to electron-phonon coupling interactions. [51, 61] To explore the possibility of magnetic ordering, we calculated the electronic structure within spin-polarized GGA. Compared to the non-spin-polarized results, the energy is lowered by a negligible value of 0.06 meV/NbS2 by spin-polarized calculations. The small energy difference implies that the electronic correlation effect is not the essential reason for the distortion of the CCDW phase, and is consistent with the broad bandwidths of the Nb-4d bands in Figure 1(b) .
Furthermore, the magnetic moment does not appear, and the spin-up and spin-down subbands are identical to each other (Figure S3) , [59] implying it is essentially still a nonmagnetic state. Even the Coulomb correlation effect and spin-orbit coupling (SOC) interactions are taken into account, the CCDW phase remains to be nonmagnetic metal. As shown in Figure S3,[59] although the in-plane gap has been enlarged by the on-site electron-electron interaction U, there is still no trace of magnetic behavior, indicating that it is hard to generate an energy splitting for the two spin channels and unavailable to realize a magnetic ordering state in the CCDW phase. In addition, SOC interactions only play a minor impact on the electronic structures, so it cannot change the metallic behavior and the nonmagnetic state. [10, 38, 51] By contrast, when dimensionality reduces to the monolayer limit, the previous study has shown that ferromagnetic Mott insulating states can emerge in the CCDW phase of the 1T-MX2, which is a consequence of the 2D geometry. [10, 11, [38] [39] [40] 65] The metallic behavior of the 1T bulk is solely arising from the out-of-plane dispersion, where the interlayer coupling effect delocalizes the in-plane states and suppresses the spin polarization, and finally leading to a nonmagnetic ground state. [10, 65] However, the existence of a magnetic ordering at low temperature cannot be excluded completely for the CCDW phase of bulk 1T-NbS2. Generally, the Mott insulating phase often displays an AFM ground state. Therefore, we constructed a 1×1×2 supercell by doubling the cell of the CCDW phase along the layer stacking direction, and artificially assigned an interplane AFM ordering by setting antiparallel magnetic moments direction in nearneighbor layers. Unfortunately, the system does not favor AFM order and still relaxes to the nonmagnetic state. As shown in Figures S4,[59 with the integrated EPC constants λ.
For the driving mechanism of CDW, the Fermi-surface nesting mechanism is in favor of a perfect argument for the 1D system. [3, 4] But in recent years, many authors argue that the Fermi surface nesting mechanism cannot be the only mechanism, the momentum-dependent electronphonon interactions are required to explain the phonon mode softening and create CDW in quasi-2D TMDs systems. [3, [6] [7] [8] [9] Unfortunately, it is problematic to calculate the EPC of the undistorted phase due to the imaginary frequencies around qCDW. In order to overcome this problem, it is reasonable to eliminate the imaginary frequencies of the phonon by increasing the electronic smearing parameter σ during the calculation procedure of the phonon dispersion. [73] [74] [75] We applied an electronic smearing of 0.03 Ry to stabilize the undistorted bulk 1T-NbS2, so that the unstable CDW-related acoustic branches can be involved in EPC calculation. We also carefully verified the smearing parameter by relaxation the crystal structure and calculating the electronic band structures of the undistorted phase. As shown in Figure 4 and Figure S5 , [59] larger σ indeed removes the imaginary phonon mode, and the CDW instability is maintained as shown by the abnormal dip phonons around qCDW, whereas the smearing parameter almost plays no role in the lattice constants and band structures. [73] The EPC constant can be calculated by
where  2 F() is the Eliashberg spectral function defined as
where N(EF) is the DOS at Fermi level and q is the phonon linewidth. Then the EPC constant is calculated to be as large as 1.55, indicating that the CDW instability of bulk 1T-NbS2 is most likely Previous studies show that it is possible to suppress the CDW instability upon applying pressure and trigger superconductivity in 1T-MX2. [11, [14] [15] [16] [17] [18] 58] As shown in Figure 5(a) , the unstable modes in the bulk of 1T-NbS2 gradually harden with pressure. The unstable phonon modes of the high symmetry structure will disappear completely and a stable phase is formed above the pressure of 30 GPa [ Figure 5(b) ]. In order to inspect the relationship between the electron-lattice interaction and the CDW instability, we have calculated the EPC constants as a function of pressure in the high symmetry phase. Along with increasing pressures, where the 1T structure becomes stable, 
Where the Coulomb pseudopotential  * is assumed to be 0.1,  is the EPC constant defined in Equation (1), and is the logarithmic average frequency:
with the Eliashberg spectral function  2 F() defined in Equation (2).
At the pressure of 30 GPa, the superconductivity emerges once the CDW instability is suppressed. The superconducting transition temperature Tc is calculated to be 13.05 K, which is larger than those of the 1T polymorph of TaS2 and TaSe2 as well as their doping compounds TaS1-xSex. [16] [17] [18] . As the CDW instability is just suppressed and the system enters into the normal phase, the original imaginary frequency becomes to be a positive value, resulting in large λ and high TC. It should be aware that superconductivity and CDW order are not absolutely exclusive to each other. Although CDW instability in pristine 1T-TaS2 has been predicted theoretically to be suppressed by high pressure, [14] the coexistence of pressure-induced superconductivity with CDW order have been observed experimentally above 4 GPa. [11, [16] [17] [18] The superconductivity and its coexistence with CDW order under high pressure have been explained in terms of microscopic phase separations in real space. [11] As shown in Figure 5 , the phonon spectrum gradually hardens with increasing pressure. The in-plane imaginary phonon modes have disappeared above 10 GPa, but the qz dependence of the unstable acoustic branch remains negative until the pressure increases up to 15 30 GPa. In addition, anomalies in the acoustic branches along the -M and -K directions persist, signaling the incipient CDW instability of the high symmetry 1T-NbS2 even up to 30 GPa. [14, 15] We suspect that the CDW order can coexist with the pressure-induced superconducting state till the thorough suppression of the CDW order. Further studies on 1T-NbS2 under pressure can give us the details and address this issue.
Ⅳ. CONCLUSIONS
By adopting first-principles calculation, we reveal that bulk 1T-NbS2 is unstable at low temperatures by transforming to CCDW phase with a √13 × √13 reconstruction. Electron structure calculation suggests that ODW can coexist with the CCDW in the distorted structure. The CCDW phase reserves to be 1D nonmagnetic metal, unless the interplane AFM order and the Coulomb correlation effect been simultaneously taken into account. EPC calculations imply that the CDW instability is mainly derived from the softening of phonon modes due to strong EPC interactions. Furthermore, the CDW order can be suppressed by high pressures, and superconductivity can be expected in the compressed structure with moderate EPC interactions. Our theoretical predictions deserve further experimental study on the electronic structure and magnetic properties of the 1T-NbS2. Moreover, it will be much interesting to study the possibility of coexistence of superconductivity and CDW order in 1T-NbS2 phases.
